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Abstract
We study the superluminality issue in beyond Horndeski theory with additional scalar
field, which is minimally coupled to gravity and has no second derivatives in the Lagrangian.
We present the quadratic action for perturbations in cosmological backgrounds, stability con-
ditions and expressions for sound speeds. We find that in the case of conventional additional
scalar whose flat-space propagation speed is that of light, one of the modes in interacting
theory is necessarily superluminal when this scalar rolls, even arbitrarily slowly. This re-
sult holds in any theory of the beyond Horndeski class (with 6 arbitrary functions in the
Lagrangian) and for any stable rolling background. More generally, the requirement of the
absence of superluminality imposes non-trivial constraints on the structure of the theory.
1 Introduction
A class of scalar-tensor theories of gravity — Horndeski theories [1] and their extensions [2, 3, 4]
– has proved itself promising candidate for supporting various cosmological scenarios including
those without the initial singularity. What makes (beyond) Horndeski theories and more general
DHOST theories [5] suitable for constructing non-singular cosmological solutions is their ability
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to violate the Null Energy Condition (NEC)/Null Convergence Condition (NCC) while leaving
the stability of the background intact (for a review see, e.g., Ref. [6]).
Even though the NEC/NCC can be safely violated in unextended Horndeski theories, the latter
do not enable one to construct non-singular spatially flat cosmological solutions which are stable
during the entire evolution [7, 8]. On the contrary, beyond Horndeski and DHOST theories admit
completely stable cosmologies with a bouncing or Genesis stage, see Refs. [9, 10, 11, 12, 13, 14]
for specific examples and Refs. [4, 15] for topical reviews.
Another characteristic feature of modified gravities is potential appearance of superluminal per-
turbations. The issue of superluminality in Horndeski theories has been addressed from different
viewpoints, see Refs. [16, 17, 18, 19, 20] and references therein. One of the most striking findings
is that at least in a pure Horndeski Genesis model of Ref. [18], addition of even tiny amount of
external matter (ideal fluid) inevitably induces superluminality in some otherwise healthy region
of phase space [19]. The latter fact is troublesome (provided one would like to avoid superlu-
minality altogether in view of arguments of Ref. [21]), since nothing appears to prevent adding
extra fluid to Horndeski theory. Likewise, superluminality has been shown to occur in other stable
non-singular cosmological backgrounds: in Cuscuton gravity [22] and in DHOST theory [23].
A step forward has been recently made in Ref. [24], where a beyond Horndeski model ad-
mitting a completely stable bouncing solution has been analyzed from the viewpoint of potential
superluminality. As opposed to Genesis-supporting unextended Horndeski model with external
matter [19], it has been shown that a specifically designed beyond Horndeski Lagrangian, which
on its own admits a stable and subluminal bouncing solution, remains free of superluminalities
upon adding extra matter in the form of perfect fluid with equation of state parameter w ≤ 1/3
(or even somewhat larger).
On the other hand, by analysing the general expressions for the sound speeds of scalar modes
in the system “beyond Horndeski + perfect fluid”, it has been found that for w equal or close to
1, one of the scalar propagation speeds inevitably becomes superluminal. The latter statement
holds irrespectively of the cosmological scenario one considers, and is true for the most general
beyond Horndeski theory [24]. This has to do with the fact, already noticed in Refs. [3, 25],
that due to specific structure of beyond Horndeski Lagrangian, there is kinetic mixing between
matter and Galileon perturbations, and hence the sound speeds of both scalar modes get modified
(the superluminal one is predominantly sound wave in matter). The results of Ref. [24] imply
that in beyond Horndeski theory with an additional minimally coupled conventional scalar field,
whose flat-space propagation speed is that of light, one of the scalar modes is superluminal when
this extra field has small but non-zero background kinetic energy. The main purpose of this
note is to derive this property explicitly. We emphasize that superluminality is generic for beyond
Horndeski theory (whose action is given by eq. (1)) in the presence of additional minimally coupled
conventional scalar field; this property holds for any choice of Lagrangian functions provided that
at least one of the beyond Horndeski terms does not vanish. This result applies to a completely
arbitrary stable cosmological background with rolling scalar (except for configurations of measure
zero in the phase space), irrespectively of whether NEC/NCC is violated or not.
In Sec. 2 we adopt the covariant formulation and notations of Refs. [24, 4] and derive the
2
quadratic action for perturbations about a cosmological background in beyond Horndeski theory
in the presence of an additional minimally coupled scalar field of the most general type1. In this
way we obtain stability conditions and prepare for the calculation of the propagation speeds of
perturbations in Sec. 3. Our expressions for speeds show explicitly that once the flat-space speed
of the scalar is equal to 1, one of the modes is superluminal in “beyond Horndeski + scalar field”
system provided the scalar field background is rolling, even slowly. We discuss the results in Sec. 4.
2 Beyond Horndeski theory with additional scalar field
2.1 Setup
In this section we specify our setup and give background equations in spatially flat FLRW geometry
(our signature convention is mostly negative).
We consider beyond Horndeski theory of the most general form:
Spi =
∫
d4x
√−g (L2 + L3 + L4 + L5) , (1a)
L2 = F (π,X), (1b)
L3 = K(π,X)π, (1c)
L4 = −G4(π,X)R+ 2G4X(π,X)
[
(π)2 − π;µνπ;µν
]
+ F4(π,X)ǫ
µνρ
σǫ
µ′ν′ρ′σπ,µπ,µ′π;νν′π;ρρ′ , (1d)
L5 = G5(π,X)Gµνπ;µν + 1
3
G5X
[
(π)3 − 3ππ;µνπ;µν + 2π;µνπ;µρπ ν;ρ
]
+ F5(π,X)ǫ
µνρσǫµ
′ν′ρ′σ′π,µπ,µ′π;νν′π;ρρ′π;σσ′ , (1e)
where π is a scalar field sometimes dubbed Galileon, X = gµνπ,µπ,ν , π,µ = ∂µπ, π;µν = ∇ν∇µπ,
π = gµν∇ν∇µπ, G4X = ∂G4/∂X , etc. The functions F , K, G4 and G5 are characteristic
of unextended Horndeski theories, while non-vanishing F4 and F5 extend the theory to beyond
Horndeski type. Along with the scalar field of beyond Horndeski type we consider another scalar
field χ in the form of k-essence
Sχ =
∫
d4x
√−g P (χ, Y ), Y = gµνχ,µχ,ν . (2)
The Lagrangian in eq. (2) describes a minimally coupled scalar field χ of the most general type
(assuming the absence of second derivatives in the Lagrangian).
In flat space-time and for spatially homogeneous background (possibly rolling, Y = χ˙2 6= 0),
the stability conditions for the scalar field χ have standard form
PY > 0 , R ≡ PY + 2Y PY Y > 0 , (3)
1This generalizes the formulas given in Ref. [4]; similar results have been obtained in ADM formalism in
Refs. [3, 25].
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while flat-space propagation speed of perturbations is
c2m =
PY
R
. (4)
Our main result on superluminality in Sec. 3 applies most straightforwardly to the conventional
scalar field with
P =
1
2
Y − V (χ) , (5)
but in this Section we proceed in full generality and do not make any assumptions on the form of
the function P (χ, Y ).
In what follows we consider cosmological setting with spatially flat FLRW metric and homo-
geneous background scalar fields π = π(t) and χ = χ(t) (t is cosmic time). Then the background
gravitational equations following from the action Spi + Sχ read
δg00 : F − 2FXX − 6HKXXπ˙ +KpiX + 6H2G4 + 6HG4piπ˙ − 24H2X(G4X +G4XXX)
+ 12HG4piXXπ˙ − 2H3Xπ˙(5G5X + 2G5XXX) + 3H2X(3G5pi + 2G5piXX)
+ 6H2X2(5F4 + 2F4XX) + 6H
3X2π˙(7F5 + 2F5XX) + P − 2PY Y = 0, (6a)
δgii : F −X(2KX π¨ +Kpi) + 2(3H2 + 2H˙)G4 − 12H2G4XX − 8H˙G4XX − 8HG4X π¨π˙
− 16HG4XXXπ¨π˙ + 2(π¨ + 2Hπ˙)G4pi + 4XG4piX(π¨ − 2Hπ˙) + 2XG4pipi
− 2XG5X(2H3π˙ + 2HH˙π˙ + 3H2π¨) +G5pi(3H2X + 2H˙X + 4Hπ¨π˙)− 4H2G5XXX2π¨
+ 2HG5piXX(2π¨π˙ −HX) + 2HG5pipiXπ˙ + 2F4X(3H2X + 2H˙X + 8Hπ¨π˙)
+ 8HF4XX
2π¨π˙ + 4HF4piX
2π˙ + 6HF5X
2(2H2π˙ + 2H˙π˙ + 5Hπ¨) + 12H2F5XX
3π¨
+ 6H2F5piX
3 + P = 0, (6b)
where PY ≡ ∂P/∂Y , and H = a˙/a is the Hubble parameter. The field equation for the additional
scalar field χ is:
χ¨ + 3c2mHχ˙−
Pχ − 2Y PχY
2R
= 0 . (7)
The field equation for Galileon π follows from the gravitational equations (6), their derivatives
and eq. (7), so we do not give it here for brevity.
2.2 Quadratic action and stability conditions
To address stability and superluminality issues, we calculate the quadratic action for perturbations
about homogeneous background in terms of propagating degrees of freedom (DOFs). We make
use of the standard ADM parametrization of the metric perturbations,
ds2 = N2dt2 − γij(dxi +N idt)(dxj +N jdt), (8)
where
N = 1 + α, Ni = ∂iβ, γij = a
2(t)e2ζ
(
δij + h
T
ij +
1
2
hTikh
k T
j
)
, (9)
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and we have already used some part of gauge freedom by setting the longitudinal part of δγij
equal to zero, ∂i∂jE = 0. Here the scalar sector consists of α, β, ζ from eq. (8) and scalar field
perturbations δπ and
δχ ≡ ω ,
while hTij denote tensor modes (h
T
ii = 0, ∂ih
T
ij = 0). Like in Ref. [24] we adopt the unitary gauge
where δπ = 0. Then the quadratic action for beyond Horndeski theory (1) reads [11]:
S(2)pi =
∫
dt d3x a3
[(GT
8
(
h˙Tik
)2
− FT
8a2
(
∂ih
T
kl
)2)
+
(
−3GT ζ˙2 + FT (∇ζ)
2
a2
+ Σα2
−2(GT +Dπ˙)α∇
2ζ
a2
+ 6Θαζ˙ − 2Θα∇
2β
a2
+ 2GT ζ˙∇
2β
a2
)]
,
(10)
with (∇ζ)2 = δij∂iζ∂jζ , ∇2 = δij∂i∂j and
GT = 2G4 − 4G4XX +G5piX − 2HG5XXπ˙ + 2F4X2 + 6HF5X2π˙, (11a)
FT = 2G4 − 2G5XXπ¨ −G5piX, (11b)
D = −2F4Xπ˙ − 6HF5X2, (11c)
Θ = −KXXπ˙ + 2G4H − 8HG4XX − 8HG4XXX2 +G4piπ˙ + 2G4piXXπ˙ − 5H2G5XXπ˙
− 2H2G5XXX2π˙ + 3HG5piX + 2HG5piXX2 + 10HF4X2 + 4HF4XX3 + 21H2F5X2π˙
+ 6H2F5XX
3π˙, (11d)
Σ = FXX + 2FXXX
2 + 12HKXXπ˙ + 6HKXXX
2π˙ −KpiX −KpiXX2 − 6H2G4
+ 42H2G4XX + 96H
2G4XXX
2 + 24H2G4XXXX
3 − 6HG4piπ˙ − 30HG4piXXπ˙
− 12HG4piXXX2π˙ + 30H3G5XXπ˙ + 26H3G5XXX2π˙ + 4H3G5XXXX3π˙ − 18H2G5piX
− 27H2G5piXX2 − 6H2G5piXXX3 − 90H2F4X2 − 78H2F4XX3 − 12H2F4XXX4
− 168H3F5X2π˙ − 102H3F5XX3π˙ − 12H3F5XXX4π˙. (11e)
The first round brackets in eq. (10) describe tensor sector, while the second ones refer to scalar
modes. The quadratic action for k-essence (2) is as follows:
S(2)χ =
∫
dt d3x a3
[
Y Rα2 − 2χ˙Rαω˙ + 2χ˙PY ω∇
2β
a2
+R ω˙2 − PY (∇ω)
2
a2
−6χ˙PY ζ˙ω + (Pχ − 2Y PχY )αω + Ωω2
]
,
(12)
where Ω = Pχχ/2 − 3Hχ˙PχY − Y PχχY − χ¨(PχY + 2Y PχY Y ). When deriving the actions (10)
and (12) we used background equations (6), which made the terms with αζ , ζ2 and ζω vanish.
Let us for a moment concentrate on the scalar sector. According to the form of actions (10)
and (12), α and β are non-dynamical variables, so varying S
(2)
pi + S
(2)
χ with respect to α and β
gives the following constraint equations, respectively:
Σα− (GT +Dπ˙) (∇
2ζ)
a2
+ 3Θζ˙ −Θ(∇
2β)
a2
+ Y Rα− χ˙R ω˙ + 1
2
(Pχ − 2Y PχY )ω = 0, (13a)
Θα− GT ζ˙ − χ˙PY ω = 0. (13b)
5
By solving eqs. (13a) and (13b) for (∇2β)/a2 and α and substituting the result back into ac-
tions (10) and (12), one arrives at the quadratic action for scalar DOFs in terms of dynamical
curvature perturbation ζ and scalar field perturbation ω:
S
(2)
pi+χ =
∫
dt d3x a3
[
GAB v˙
Av˙B − 1
a2
FAB∇i vA∇i vB +Ψ1ζ˙ω +Ψ2ω2
]
, (14)
where A,B = 1, 2 and v1 = ζ , v2 = ω. Even though coefficients Ψ1 and Ψ2 are irrelevant for
kinetic stability (absence of ghosts and gradient instabilities) as well as propagation speeds of ζ
and ω, they are given in Appendix for completeness. Kinetic matrices GAB and FAB have the
following forms:
GAB =

GS +
GT 2
Θ2
Y R −GT
Θ
χ˙R
−GT
Θ
χ˙R R

 , FAB =

 FS −
(GT +Dπ˙)
Θ
χ˙PY
−(GT +Dπ˙)
Θ
χ˙PY PY

 , (15)
where
GS = ΣGT
2
Θ2
+ 3GT , (16a)
FS = 1
a
d
dt
[
a GT (GT +Dπ˙)
Θ
]
− FT . (16b)
It is worth noting that both GS and FS are generally singular at Θ = 0 (Θ-crossing, or γ-crossing
in terminology of Refs. [26, 27]). However, no singularity exists at Θ = 0 in the Newtonian
gauge [27], and the perturbations are non-singular in the unitary gauge as well [28]. Thus, the
system is well behaved at the moment of time when Θ = 0.
Now we can formulate the stability conditions for beyond Horndeski theories with additional
scalar field in the cosmological setting. Recalling the tensor part of quadratic action in eq. (10),
we see that the tensor sector is free of ghosts and gradient instabilities provided that
GT > 0, FT > 0. (17)
Let us note here that stability conditions (17) have retained their form as compared to the case
of pure beyond Horndeski, see e.g. Ref. [15]. However, since generally the coefficient GT (11a)
involves the Hubble parameter, the stability of gravitational waves gets affected by the additional
k-essence through the Friedmann equation (6a).
As for the scalar modes, it follows from action (14) that scalar sector is free of ghosts and
gradient instabilities iff both kinetic matrices are positive definite (G11, G22 > 0, detG > 0 and
F11, F22 > 0, detF > 0):
GS > 0 , FS > 0, R > 0 , PY > 0 , FS − Y PY (GT +Dπ˙)
2
Θ2
> 0. (18)
The first four conditions are formally the same as the stability conditions in pure beyond Horn-
deski theory and pure k-essence theory (extra scalar field affects GS and FS through the Hubble
parameter only) while the last condition is specific to the interacting theory.
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3 Superluminality due to conventional scalar field
Let us now turn to the propagation speeds of perturbations. The sound speed squared for tensor
perturbations follows immediately from action (10):
c2T =
FT
GT . (19)
Again, c2T has a standard form, but in fact the tensor sound speed changes upon introducing addi-
tional k-essence due to new contributions in eq. (6a) and, hence, the modified Hubble parameter.
In the scalar sector, the propagation speeds of ζ and ω are given by eigenvalues of matrix
G−1ABFAB:
G−1ABFAB =


FS
GS −
(GT +Dπ˙)GT
Θ2
Y PY
GS −
χ˙PY
GS
Dπ˙
Θ
GT
Θ
χ˙
[FS
GS −
(GT +Dπ˙)GT
Θ2
Y PY
GS
]
− (GT +Dπ˙)
Θ
χ˙PY
R
c2m −
Y PY
GS
GT (Dπ˙)
Θ2

 .
(20)
Explicitly, the speeds are (recall that c2m = PY /R):
c2S ± =
1
2
c2m +
1
2
[FS
GS −
Y PY
GS
GT (GT + 2Dπ˙)
Θ2
(21)
±
√√√√(FS
GS −
Y PY
GS
GT (GT + 2Dπ˙)
Θ2
+ c2m
)2
− 4 c2m
(
FS
GS −
Y PY
GS
(GT +Dπ˙)2
Θ2
)  .
In accordance with the above remark, there is no singularity in the sound speeds at Θ = 0. Indeed,
the speeds are finite as Θ → 0: one finds from eq. (16) that both FS/GS and Θ2 GS are finite
in this limit. On the other hand, depending on the model, one of the sound speeds may become
arbitrarily large in some region of parameter space, say, where GS → 0 and FS remains finite, cf.
Ref. [19].
Now we see a considerable difference between the unextended Horndeski and beyond Horndeski
theories. In the unextended Horndeski case, the coefficient D vanishes (see eq. (11c)), so the
matrix (20) is triangular and the speed of perturbations in k-essence recovers its standard value
c2m, while the propagation speed of Galileon perturbations is modified. Indeed, for D = 0, eqs. (21)
reduce to
c2S −|D=0 =
FS
GS −
Y PY
GS
GT 2
Θ2
, c2S+|D=0 = c2m, (22)
and we restore the results for Horndeski theory with k-essence P (Y ) given in Ref. [4]. On the
contrary, with D 6= 0, there is kinetic mixing between the scalars ζ and ω, so both scalar speeds
get modified, in general agreement with Refs. [3, 25].
The key observation is that eq. (21) has the following form (cf. Ref. [24]):
c2S ± =
1
2
(c2m +A)±
1
2
√
(c2m −A)2 + B, (23)
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where
A = FSGS −
Y PY
GS
GT (GT + 2Dπ˙)
Θ2
, B = 4c2m
Y PY
GS
(Dπ˙)2
Θ2
.
In stable and rolling background (GS , PY > 0, Y > 0), the coefficient B is positive (D 6= 0
unless the value of Y and, hence, the Hubble parameter is fine-tuned, see eq. (11c)). This gives
immediately
c2S + > c
2
m for Y 6= 0 . (24)
So, if the flat-space propagation of the scalar perturbation ω is luminal, cm = 1, then it becomes
superluminal in the “beyond Horndeski + scalar field” system. Equations (21), (23) and (24) are
our main results.
4 Discussion
The interpretation of the result (24) is most straightforward in the case of the conventional
scalar field χ with the Lagrangian (5). In that case one has cm = 1 for any Y , and even tiny kinetic
energy of rolling scalar background χ(t) immediately yields superluminal propagation of one of
the modes. It is suggested (see, e.g., Ref. [29]) that a covariant theory which is fundamentally
Lorentz invariant should recover a sound speed equal to unity in the far UV limit (k →∞, where
k is spatial momentum), even though for smaller k perturbation modes could be superluminal.
Our result is independent of k, so this is not the case in theories we consider: superluminality
would occur even as k tends to infinity. Therefore, if we decide to insist on Lorentz invariance
of an underlying theory and hence to avoid superluminality for good, we have to conclude that
in scalar-tensor theories with multiple scalar fields, none of these fields can be conventional and
minimally coupled, as long as at least one of the scalar fields is of beyond Horndeski type.
More generally, if we insist on the absence of superluminality, the result (21), (23) implies a
non-trivial constraint on the structure of “beyond Horndeski + minimal quintessence” systems:
it is required that cS + ≤ 1 everywhere in the part of the phase space (π, π˙, χ, χ˙) where stability
conditions (18) are satisfied. In particular, this constraint forbids luminal flat-space propagation,
cm = 1 (and, by continuity, cm close to 1), in any rolling background Y 6= 0, unless such a
background is unstable for any π and π˙. Viewed differently, the constraint that cS+ ≤ 1 in the
entire “stable” part of phase space suggests intricate properties of the UV completion of the scalar-
tensor theories considered in this note, if such a UV completion exists and is Lorentz-invariant.
We conclude by adding that it is certainly of interest to study the superluminality issue in
more general DHOST theories coupled to conventional or k-essence scalar field(s), and also address
phenomenological implications of our result, especially in models for dark energy in the late-time
Universe.
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Appendix
In this Appendix we give explicit expressions for coefficients Ψ1 and Ψ2 involved in the quadratic
action (14) for beyond Horndeski + k-essence P (χ, Y ) theory:
Ψ1 =
GT
Θ2
[2χ˙PY (Σ + Y R) + Θ(Pχ − 2Y PχY )] , (25)
Ψ2 = Ω+
χ˙PY
Θ
(Pχ − 2Y PχY ) + Y P
2
Y
Θ2
(Σ + Y R) +
d
dt
[
2Y PY R
]
, (26)
where
Ω = Pχχ/2− 3Hχ˙PχY − Y PχχY − χ¨(PχY + 2Y PχY Y ).
References
[1] G. W. Horndeski, Second-order scalar-tensor field equations in a four-dimensional space, Int. J.
Theor. Phys. 10, 363 (1974).
[2] M. Zumalacrregui and J. Garca-Bellido, Transforming gravity: from derivative couplings to matter
to second-order scalar-tensor theories beyond the Horndeski Lagrangian, Phys. Rev. D 89 (2014)
064046 [arXiv:1308.4685 [gr-qc]].
[3] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, Healthy theories beyond Horndeski, Phys. Rev.
Lett. 114 (2015) no.21, 211101 [arXiv:1404.6495 [hep-th]].
[4] T. Kobayashi, Horndeski theory and beyond: a review, Rept. Prog. Phys. 82 (2019) no.8, 086901
[arXiv:1901.07183 [gr-qc]].
[5] D. Langlois, Dark energy and modified gravity in degenerate higher-order scalartensor (DHOST)
theories: A review, Int. J. Mod. Phys. D 28 (2019) no.05, 1942006 [arXiv:1811.06271 [gr-qc]].
[6] V. A. Rubakov, The Null Energy Condition and its violation, Phys. Usp. 57 (2014) 128 [Usp. Fiz.
Nauk 184 (2014) no.2, 137] [arXiv:1401.4024 [hep-th]].
[7] M. Libanov, S. Mironov and V. Rubakov, Generalized Galileons: instabilities of bouncing and
Genesis cosmologies and modified Genesis, JCAP 1608 (2016) no.08, 037 [arXiv:1605.05992 [hep-
th]].
[8] T. Kobayashi, Generic instabilities of nonsingular cosmologies in Horndeski theory: A no-go theorem,
Phys. Rev. D 94 (2016) no.4, 043511 [arXiv:1606.05831 [hep-th]].
[9] Y. Cai, Y. Wan, H. G. Li, T. Qiu and Y. S. Piao, The Effective Field Theory of nonsingular
cosmology, JHEP 1701 (2017) 090 [arXiv:1610.03400 [gr-qc]].
[10] P. Creminelli, D. Pirtskhalava, L. Santoni and E. Trincherini, Stability of Geodesically Complete
Cosmologies, JCAP 1611 (2016) no.11, 047 [arXiv:1610.04207 [hep-th]].
9
[11] R. Kolevatov, S. Mironov, N. Sukhov and V. Volkova, Cosmological bounce and Genesis beyond
Horndeski, JCAP 1708 (2017) no.08, 038 [arXiv:1705.06626 [hep-th]].
[12] Y. Cai and Y. S. Piao, A covariant Lagrangian for stable nonsingular bounce, JHEP 1709 (2017)
027 [arXiv:1705.03401 [gr-qc]].
[13] S. Mironov, V. Rubakov and V. Volkova, Genesis with general relativity asymptotics in beyond
Horndeski theory, Phys. Rev. D 100 (2019) no.8, 083521 [arXiv:1905.06249 [hep-th]].
[14] G. Ye and Y. S. Piao, Bounce in general relativity and higher-order derivative operators, Phys. Rev.
D 99 (2019) no.8, 084019 [arXiv:1901.08283 [gr-qc]].
[15] S. Mironov, V. Rubakov and V. Volkova, Cosmological scenarios with bounce and Genesis in Horn-
deski theory and beyond: An essay in honor of I.M. Khalatnikov on the occasion of his 100th
birthday, JETP Vol. 156 (4) (2019) [arXiv:1906.12139 [hep-th]].
[16] E. Babichev, V. Mukhanov and A. Vikman, k-Essence, superluminal propagation, causality and
emergent geometry, JHEP 0802 (2008) 101 [arXiv:0708.0561 [hep-th]].
[17] P. Creminelli, A. Nicolis and E. Trincherini, Galilean Genesis: An Alternative to inflation, JCAP
1011 (2010) 021 [arXiv:1007.0027 [hep-th]].
[18] P. Creminelli, K. Hinterbichler, J. Khoury, A. Nicolis and E. Trincherini, Subluminal Galilean
Genesis, JHEP 1302 (2013) 006 [arXiv:1209.3768 [hep-th]].
[19] D. A. Easson, I. Sawicki and A. Vikman, When Matter Matters, JCAP 1307 (2013) 014
[arXiv:1304.3903 [hep-th]].
[20] D. A. Dobre, A. V. Frolov, J. T. G. Ghersi, S. Ramazanov and A. Vikman, Unbraiding the Bounce:
Superluminality around the Corner, JCAP 1803 (2018) 020 [arXiv:1712.10272 [gr-qc]].
[21] A. Adams, N. Arkani-Hamed, S. Dubovsky, A. Nicolis and R. Rattazzi, Causality, analyticity and
an IR obstruction to UV completion, JHEP 0610 (2006) 014 [hep-th/0602178].
[22] J. Quintin and D. Yoshida, Cuscuton gravity as a classically stable limiting curvature theory, JCAP
02 (2020), 016 [arXiv:1911.06040 [gr-qc]].
[23] A. Ilyas, M. Zhu, Y. Zheng, Y. F. Cai and E. N. Saridakis, DHOST Bounce, [arXiv:2002.08269
[gr-qc]].
[24] S. Mironov, V. Rubakov and V. Volkova, Subluminal cosmological bounce beyond Horndeski
[arXiv:1910.07019 [hep-th]].
[25] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, Exploring gravitational theories beyond Horn-
deski, JCAP 1502 (2015) 018 [arXiv:1408.1952 [astro-ph.CO]].
[26] A. Ijjas and P. J. Steinhardt, Classically stable nonsingular cosmological bounces, Phys. Rev. Lett.
117 (2016) no.12, 121304 [arXiv:1606.08880 [gr-qc]].
10
[27] A. Ijjas, Space-time slicing in Horndeski theories and its implications for non-singular bouncing
solutions, JCAP 02 (2018), 007 [arXiv:1710.05990 [gr-qc]].
[28] S. Mironov, V. Rubakov and V. Volkova, Bounce beyond Horndeski with GR asymptotics and
γ-crossing, JCAP 10 (2018), 050 [arXiv:1807.08361 [hep-th]].
[29] C. de Rham and A. J. Tolley, Speed of gravity, Phys. Rev. D 101 (2020) no.6, 063518
[arXiv:1909.00881 [hep-th]].
11
